Gametic fusion patterns in the angiosperm Plumbago zeylanica were determined by using cytoplasmically dimorphic sperm cells differing in mitochondrion and plastid content and then identifying paternal organelles through their ultrastructural characteristics within the maternal cytoplasm at the time of fertilization. The virtual absence of plastids within the sperm cell that is physically associated with the vegetative nucleus allows paternal plastids to be used to trace the fate of the two male gametes after fusion. Such paternal plastids were present in the egg in >94% of the observed cases, indicating the preferential fusion of the plastid-rich, mitochondrion-poor sperm cell with the egg. In only one instance did the opposite pattern occur. Since the possibility of this result occurring as the consequence of chance in random fusions is <1 in 7000, this represents strong evidence for the presence of a final putative recognition event occurring at the gametic level.
Double fertilization is a phenomenon characteristic of flowering plants involving two separate fusion events that incorporate both sperm cells into developmentally different lineages, both of which are biologically significant. Although numerous pollen tubes compete for the opportunity to fertilize the female gametophyte, if successful, the pollen tube delivers only two male gametes and both fuse with separate female reproductive cells. In contrast with animals and non-seed plants, the angiosperms display a remarkable degree of conservation of gametic material at late stages of sexual reproduction. Of the two sperm cells, one fuses with the egg cell to produce the embryo. Nearly simultaneously, the second sperm cell fuses with the central cell in a second, separate fusion producing the nutritive endosperm. Whether the gametic fusion that initiates this process is a random event or one that results in a directed outcome has remained among the most refractory problems in angiosperm embryology (1, 2) and one that is addressed in the present study.
Since sperm cells are outwardly similar cells derived from a single mitotic division of the precursor generative cell, the male gametes of angiosperms have traditionally been assumed to be essentially identical (3) , with neither cell possessing a preferential tendency to fuse with the egg. Evidence contradicting this assumption has recently been reported in Plumbago zeylanica (4, 5) , indicating cytoplasmic heteromorphism in size, shape, organelle content, and physical association with the vegetative nucleus. Although details of the fusion of gametes are concealed by nucellar cell layers surrounding the egg, ultrastructural studies have revealed that sperm cytoplasmic organelles in Plumbago are transmitted (6, 7) and can be identified by ultrastructural differences in the fertilized female gametophyte (7) . Differences present in organelle content within the sperm cells can therefore be employed as an ultrastructurally observable probe, which can be followed with transmission electron microscopy. The present report uses the dimorphic distribution of sperm plastids to trace the pattern of fertilization in this plant, demonstrating that such fusion is preferential.
MATERIALS AND METHODS
Specimen Preparation. Plants of P. zeylanica L. (Palmengarten, Frankfort, FRG) were grown at 18-230C with 16-hr days in growth chambers at the University of Oklahoma. Flowers were emasculated prior to anthesis and were artificially pollinated. Ovaries were collected 81/2 to 9 hr after artificial pollination (following the time table published in ref. 7) , dissected, and fixed at room temperature in 3% glutaraldehyde in 0.067 M phosphate buffer (pH 6.8) for 6-8 hr. Tissue was rinsed briefly and fixed in 2% osmium tetroxide in the same buffer, dehydrated in ethanol followed by propylene oxide, and embedded in Spurr's low-viscosity resin. Material was stained with uranyl acetate and lead citrate by using techniques described elsewhere (7) and observed with a Zeiss 10a transmission electron microscope.
Interpretation. To accurately discriminate the fate of the plastid-rich sperm cell, the following served as minimal requirements that were met for each included data set: (i) the female gametophyte had to appear normal and show the presence of male nuclei in both the egg and central cell, indicating the normal occurrence of double fertilization; (ii) two populations of plastids had to be readily identifiable within either the fertilized egg, central cell, or both; (iOi) the ratio of male to female plastids could not exceed 1:5, the upper limit of the expected ratio; (iv) at least three paternal plastids (as recognized by characteristics given in Table 1 and the text) had to be present in either the egg or central cell, but not both. The plants used in the study displayed about 95% seed set, with no evidence of apomictic reproduction. 
RESULTS

6129
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. accomplished by using data generated from a previous study (5) . As the presence of three or more paternal plastids in the cytoplasm of either the zygote or endosperm should accurately establish the fate of the plastid-rich Sua in all but 1% of the cases (Table 2) , this was selected as a requirement for each included data set. The actual margin of error is much less than 1%, because the female gametophyte was not serially sectioned and therefore numerous paternal plastids present in the female gametophyte were not sampled.
Further, in all female gametophytes in which the pattern of fusion could be determined, the ratio between male-and female-originating plastids had to meet expected values (<1:5, male:female) and the two populations had to be easily distinguishable. Regions near the sperm nuclei were observed with particular scrutiny as these are preferential locations of sperm plastids following gametic fusion.
Sperm Cell Fusion. Although >100 ovules were examined in detail during the course of this study, only 17 provided unambiguous data concerning the fate of the male cytoplasm. Of these, 16 demonstrated transmission of three or more paternal plastids into the cytoplasm of the egg or zygote. Fig.  2 illustrates one such case. In only 1 of the 17 examined ovules were more than three paternal plastids observed in the central cell. In none of the data sets used were paternal plastids observed in both female reproductive cells. Fertilization appeared to be proceeding normally in each of the ovules used, with a male nucleus observed either approaching or in the process of fusing with the nucleus of the female reproductive cell that it entered. In the remaining ovules, (i) the required number of plastids was not observed, (ii) plastid populations could not be distinguished, (iii) reproductive abnormalities were observed, or (iv) fixation was inadequate.
The region where gametic fusion occurs was often evident in the egg/zygote and central cell/endosperm (Fig. 3) located near the terminal aperture of the pollen tube (6, 7) within 20-30 ,um of the summit of the egg (8) . Sperm mitochondria can sometimes be identified by size and structural differences, as described in a previous paper (7) . Near the site of gametic fusion, unfused, enucleated bodies of sperm cytoplasmic material were frequently seen between the zygote and endosperm (Figs. 3 and 4) . These enucleated bodies (Figs. 3 and 4) arise in part through severance from the nucleated portion of the sperm cell during its expulsion from the pollen tube (7) or possibly through diminution of the cell, as has been suggested in barley (9) . Such bodies contain only mitochondria of dimensions similar to those located in the sperm cell (Fig. 4) association with the vegetative nucleus. Such extreme differences as those described in Plumbago are likely to be uncommon in angiosperms, if only for the reason that a minority of the flowering plants has both plastids and mitochondria in their sperm cells (11) . Cytoplasmic heterospermy, as seen to date, originates with the presence of a physical association between the vegetative nucleus and one sperm cell. Examples of physical associations between a sperm cell and the vegetative nucleus have been described elsewhere in Brassica oleracea (12) , Brassica campestris (13), Hippeastrum vitatum (14) , and Spinacia oleracea (15) and have been shown but not discussed between the vegetative nucleus and generative cell in Gossypium hirsutum (16) , Nicotiana tabacum (17) , and Prunus avium (17) . In only the Poaceae, to date, has the absence of such as association been documented, specifically in Alopecurus pratensis (10) , Hordeum vulgare (9), and Triticale (18) . The extent of the occurrence of cytoplasmic heterospermy cannot be estimated at this time but may occur in numerous angiosperms.
Nuclear heterospermy is characterized by genetically transmissible nuclear differences in the sperm cells and its occurrence is much rarer. Since such nuclear differences have to arise either during or after generative cell division, the circumstances under which nuclear heterospermy may occur are limited. Nuclear heterospermy has been demonstrated in only one plant, maize, in which the sperm cells may differ in the presence or absence of B chromosomes (19) . The apparent mechanism for this difference is a nondisjunction of B chromosomes at generative cell division, such that only one sperm cell receives B chromosomes (19) . Other mechanisms for the generation of genetic differences in sperm cells may exist but have yet to be described.
Preferential Fusion. The indication that transmission of paternal plastids into the egg occurred in 16 of 17 cases represents a statistically compelling case for preferential fusion. Were such fusions random, the expected frequency of the obtained result would be 1.297 x 1O' (or <1 in 7000), as determined from the binomial distribution. Accordingly, one may conclude that the two dimorphic sperm cells differ very significantly in their ability to fertilize the egg and that this pattern is consistent with cytoplasmic organelle content and a number of other sperm cell characteristics (5) . Most of the resulting embryos are therefore products of fusion with the plastid-rich, mitochondrion-poor sperm cell, Sua. It has not yet been demonstrated whether sperm cells giving the opposite pattern of transmission will or will not be successful in forming a new plant. Given the normal abortion rate of -5%, this might represent one possible source of seed abortion, occurring even in plants grown under optimal conditions. The only other report of preferential fertilization in angiosperms is that of the nuclear dimorphic sperm cells of maize (19) , in which the sperm containing the nondisjunct B chromosomes are preferentially transmitted into the embryo. It was determined that 76.8% of the nondisjunct B4 chromosomes in the TB-4a strain and 67.1% of the nondisjunct B9 chromosomes in the TB-9b strain were transmitted into the egg cell to form hyperploid embryos. Roman (19) therefore concluded that sperm cells containing an extra B chromosome may participate in "directed fertilization," in his terminology. He states two hypotheses for this behavior: (i) genetic influences from the B chromosome affected the pattern of fusion or (ii) the sperm cells are polarized in organization or behavior. Since preferential fertilization was demonstrated in hyperploid sperm cells of B chromosomes with two different chromosomal origins, Roman discards the first hypothesis, stating that "it is doubtful that the deficiency or duplication of A-chromatin" material in the "gametes is an essential factor in determining directed fertilization" (19) . Indeed, the chances of selecting two very different B chromosomes (namely, chromosomes 4 and 9) carrying similar Botany: Russell genetic tendencies favoring their own preferential transmission are remote.
However, Roman's hypothesis that preferential fusion resulted from a preferred pattern of sperm cell arrival-the first sperm cell having an advantage in selecting the pattern of fusion (19)-appears to be an oversimplification. If pollen tube discharge is as rapid in vivo as it is in vitro, the advantage of a sperm cell arriving in the female gametophyte first would be -0.2 sec, presumably too little to confer specificity. Even in the grasses, the sperm cells remain closely associated (10) . In more tightly linked sperm cells, the temporal advantage could be even less. An alternative hypothesis is that directed fertilization in maize is the result of preferential behavior of the mitotic spindle resulting in the accumulation of nonpairing chromosomes into the cell that is developmentally more likely to fuse with the egg cell. The nondisjunction of the B chromosome at generative cell division therefore may allow differences in the fertilization capacity of the sperm cells to be seen without itself directly predisposing the sperm cells to preferential fertilization. The capacity for preferential fertilization apparently may already be present in these sperm cells from their inception whether or not such differences are readily evident.
Gametic Recognition. The preferential fusion of a specific sperm morphotype is unambiguous evidence for the presence of a final putative recognition event occurring at the gametic level. Presumably such recognition, mediated by the same mechanisms influencing recognition events in other systems (20) , is present in the sperm of some and perhaps many angiosperms. If a gametic system of recognition is present, however, its function is clearly different than the welldescribed sporophytic and gametophytic compatibility systems that exercise their effects on the pollen tube. Once a pollen tube arrives at the female gametophyte, the success of its two sperm cells is essentially assured. Gametic recognition, if present, may serve a different purpose: first, to identify the two sperm cells as candidates for cellular fusion within the female gametophyte, and second, to provide the means by which one sperm cell is specifically targeted for fusion with the egg.
One ultrastructurally evident characteristic of gametic fusion that may reflect on the mechanism ofrecognition is the presence of enucleated sperm cytoplasmic bodies that remain unfused between the egg and central cell (Figs. 3 and 4) . Their continued presence after fertilization (7) suggests that a threshold effect occurs during recognition, whereby only the main sperm cell body can effect gametic fusion. Such a mechanism would prevent the fusion of small enucleated bodies, which might inhibit further fusion with the nucleated sperm cell.
The discrimination between sperm cells that differ in size, volume, surface area, and organelle content may use any combination of these features as a means of conferring preferential fusion, but it seems most likely that the determining feature is reflected and perhaps caused by specific differences in the cell surface. As each sperm cell contacts both the egg and central cell simultaneously prior to fusion (7, 21) , there is an opportunity for cellular recognition as the male and female gametic membranes contact one another and this may result in the discrimination of even subtle differences in the two cells. Whether such recognition involves a specific receptor, whether it involves the cooperation of multiple receptors, or whether differences in membrane charge and surface area alone might provide the mechanism for discrimination is central to further elucidation of the basis of sperm specificity during double fertilization.
